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ABSTRACT 
Selective Laser Sintering (SLS) is the primary method to fabricate metal and ceramic components in 
additive manufacturing. Due to the anisotropy of powder material, the sintering rate difference will 
inevitably causes shape change, distortion , and other defects of sintered parts. In this paper, a continuum 
model was developed to simulate the SLS process. The developed model has been successful to predict 
sintering kinetics. The impact of processing parameters, such as laser power, scanning speed, hatching 
distance, and particle size has been studied . The proposed method provides an innovative tool to optimize 
SLS process parameters. 
INTRODUCTION 
Additive manufacturing is experiencing dramatic growth in recent years because of its capability of rapid 
prototyping and rapid manufacturing. Among the additive manufacturing processes, Selective Laser 
Sintering (SLS) is the primary process to fabricate three dimensional metal and ceramic functional parts 
with superior mechanical properties. In SLS , a laser beam is employed to heat and sinter powders layer by 
layer from CAD models to build three-dimensional objects. 
In SLS, the process, materials , and properties of fabricated parts are so closely coupled that any deviation 
from the fme-tuned process-material combination cannot guarantee the final mechanical properties . This 
limitation is preventing SLS to be a viable alternative to conventional manufacturing methods. The key to 
address this problem is to understand the complex interactions between laser and powder materials. 
Modeling is a powerful tool to help navigate the complex interactions between materials, properties, and 
processing window . 
Literature survey indicated that most ofthe modeling usually takes into account the thermal phenomenon 
involved in the process through differential equation for thermal diffusion. The thermal gradients in the 
powder bed are then related to thermal stresses, enabling predication of warpage or distortion of the 
fabricated parts 1• Zhang investigated melting and shrinkage in a powder bed containing two powders with 
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different melting points assuming constant heat flux using a lD model2• Kolossov developed a thermal 
model to allow for the non-linear behavior of therma l conductivity and of specific heat due to temperature 
changes and phase transformations . The temperature evolution and the formation of the sin tered part are 
simulated by a 3D finite element analysis based on continuous media theory3 . Dai used 3D thermo­
mechanical finite element model including the effect of the powder-to-solid transition to investigate the 
transient temperature, transient stress, warpage and residual stress fields in processing of multiple 
material components4• Chung developed a 1-D heat transfer, melting, vaporization andre-solidification 
model describing the interaction of a scanning continuous-wave laser with a metal surface wherein the 
beam power is constant. The effects of processing parameters on process variables were investigated 
numerically by varying beam diameters, scan speeds and substrate temperatures of powders . Relations 
were derived for the times to initiate melting, to initiate vaporization, to reach maximum melting depth, 
for melting-resolidification, and for maximum melting and vaporization depths 5• Khairallah developed 
model which couples thermal diffusion to hydrodynamics and accounts for temperature dependent 
material properties and surface tension, as well as the random particle distribution6• 
There were limited publications on macroscopic level modeling . Simchi studied the effect of processing 
parameters on the densification of metal powders experimentally. Based on the empirical sintering rate 
data, a relationship was established between the densification of metal powders during Direct Metal Laser 
Sintering (DMLS) and the energy delivered to the powder bed by the laser beam . This relationship has 
been shown to be useful for metals with congruent me lting point or alloys, which full 
melting/solidification approach is feasible mechanism of rapid partic le bonding in DMLS process 1 . 
Simchi also studied the influence of particle size to the densification rate7 . Olakanmi experimentally 
studied the role of processing parameters on the densification mechanism and microstructural evolution in 
laser sintered AI-12Si powder. It was established that both the densification mechanism and 
microstructural evolution in laser sintered AI-12S i powder were controlled by the specific laser energy 
input. Analysis of the cross-section of laser sintered microstructures of Al-12Si powders indicated that the 
tops of the grains in the previous layer are partially re-melted and then undergo epitaxial growth in the 
next layer where the heat affected zones (HAZ) grain boundaries and solidification grain boundaries 
(SGBs) are continuous along the fusion boundary8 . Ganeriwala studied a thin layer of particle's SLS 
process using 2D FEM to simulate the temperature9 . Paul developed a methodology to calculate the 
laser energy of a part manufactured in the SLS process and to correlate the energy to the part 
geometry, slice thickness and part orientation . The laser energy was correlated to the total area of 
sintering (TAS) by using a convex hull based approach 10 • Ragulya developed continual modeling on 
SLS based on viscous flow and non-linear sintering rheology 11 . 
These above-mentioned approaches typically assume a defined heat source, which in tum requires the 
designer to postulate the powder absorption and the depth at which the absorption takes palaces 12 . 
However, there is a need to articulate the constitutive behavior of materials as a function of machine 
process variables to link the laser parameters to the sintering model so that it can be integrated into 
current CAD/CAM/CAE packages to enable design optimization upfront 13 . Continuum mode ling is a 
powerful tool that bridges the gap between mesoscale and macroscale modeling. 
MODEL DESCRIPTION 
The interaction between laser and powder materials determines the binding mechanisms in SLS . There 
are four binding mechanisms in SLS: Solid State Sintering (SSS), Liquid Phase Sintering (LPS), partial 
melting, and fully melting 14 . Due to the fast heating by laser beam, solid state sintering is negligible15 • 
Therefore, liquid phase sintering was considered to be the primary den sification mechanism and will be 
modeled in this paper. 
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In continuum modeling, the mechanical response of a porous body with power-law creep behavior is 
descried by a rheological (constitutive) relation that inter-relates the components of a stress tensor crii and 
strain rate tensor tii 16 : 
cr(W) [ . ( 1 ) . ]O"ij = -w (/)Eij + 1./J - 3 (/) eoij + PLoij (1) 
where cp and 1./J are the normalized shear and bulk viscosity moduli , which depend on porosity(} ; oij is 
Kronecker symbol ; e is the first invariant of the strain rate tensor, which is: 
e = £11 + £22 + £33 (2) 
Physically, erepresents the local volume change rate of a porous body . The porosity (} is defined as: 
p (3)(} = 1--
Pr 
Where p and Pr are volumetric mass and theoretical density, respectively. The effective strain rate W is 
connected with the current porosity and with the invariants of the strain rate tensor: 
1 (4)w = ~q;y2 + 1./Je2 ~ 
Where y is the second invariant of the strain rate tensor deviator: 
1 1 (5)
-y = [(tij- 3eoij)(tij- 3eoij)]
112 
Physically, y represents the shape change rate of a porous body. The evolution law of porosity is given 
by: 
e (6) 
e=1-e 
For linear viscous material, the relationship between stress and equivalent strain rate is the following: 
cr(W) = 2ryW (7) 
In this case the equation (1) is reduced to the following: 
(8)
crij = 211 [cptij + ( 1./J - ~ cp) eoij] + PL oij 
For SLS , the external applied stress is zero, thus equation (8) is the following: 
. PL (9)
e=--­
21]1./J 
Substitute equation (6) to equation (9) will lead to the following : 
e PL (10) 
1- (} 21]1./J 
In SLS , the viscosity of the mixture of powder and liquid suspension is 11: 
1] = 1JL(1- _.E_)-2 (11) 
Cm 
Where TIL is the viscosity of the melted liquid phase, C is the volume concentration of the solid phase, and 
Cm is the critical concentration of solid phase above which the suspension becomes infinitely viscous. 
The value of Cm is approximately 0.62 from the percolation modeP 1• 
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The energy absorbed by the powder under the laser beam is 17 : 
p = Plaser a (12) 
vh 
Where Plaser is the laser power, v is the scanning speed, h is the hatching distance, and a is the 
absorption coefficient of the powder to the laser beam, which is a constant depends on laser wavelength 
and material. The laser irradiation absorbed by powder will melt the low melting phase in the powder 
mixture, and as a result, will determine the solid phase concentration in the mixture: 
C = KjP (13) 
Where K is a constant. 
The sintering stress in liquid phase sintering is 18 : 
2YLvcos{J (14) 
PL = d 
Where {J is the contact angle between the liquid phase and solid phase (constant), YLv is the liquid-vapor 
surface energy (constant), and d is the separation between two grains. In SLS, the powder layer is not 
compacted, therefore the porosity is the function of d and particle radius R: 
8 (15)
8 = 3rr(R/d) 
3 
Substitute equation (11)- (15) into equation (1 0) , the following can be obtained: 
YLvcos{J(~!)l/3 (16) 
= 1-8 
Shear modulus can be determined by 19: 
(17) 
Then equation ( 16) is the following: 
Kavh ) 2 (38)1; 3 (18)YLvcos{J (1 - P C 8rr 38iJ = laser m 
2RryL (1 - 8) 2 
Equation (18) is an ordinary differential equation of porosity with respect to material constants, and 
particle radius R , viscosity of liquid metal TfL , laser power P1asen laser scanning speed v , and laser 
scanning hatching distance d. It should be noted that in equation (18) that: 
(19) 
RESULTS AND DISCUSSIONS 
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By solving equation (18), the impact of densification rate with respect to particle radius R , viscosity of 
liquid metal rJL , laser power Plasen laser scanning speed v, and laser hatching distanced on densification 
rate can be modeled. 
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Figure 1. Particle size and densification rate 
Figure 1 is the densification rate of different particle size of R = 10, 30, SOjlm. The results indicated that 
for smaller particle size, the initial densification rate (from 0 to 0.1 of specific sintering time) is almost 
same; at the intermediate stage (from 0 to 0.8 of specific sintering time), smaller particles densifies much 
faster than larger particles; while at the final stage of sintering (from 0.8 to 1.0 of specific sintering time), 
regardless of particle size, their densification rate again are close to each other. 
The result is consistent with experimental results in literature' · 7• In SLS, when particles were heated by 
laser beam, the temperature of particles increases beyond the melting temperature and started to bind 
together. With fi xed laser energy, smaller particles tends to melt faster than larger particles due to the 
difference in heat capacity, therefore, the densification rate of smaller particle size is faster than that of 
larger particles. 
It should be noted that Figure 1 shows at specific sintering time from 0.1 to 0.8 , the sintering rate 
difference of different particle size is the largest. This could be attributed to the rearrangement stage of 
liquid phase sintering that smaller particles give better rearrangement, therefore higher densification rate 
18 
• During the second stage of sintering (solution-reprecipitation), the densification is controlled by 
particle coarsening therefore the impact of particle size on densification is less important than the first 
stage. 
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Figure 2. Laser power and densification rate 
Figure 2 is the densification rate of different laser power of 50, 150, and 300 W . It can be seen from the 
results that higher laser power cause faster densification rate, which is consistent with experimental 
results from literature . It should be noted as the laser power increases, the densification rate tends to be 
"saturated", in which further increase of the laser power has limited room to increase densification rate. 
Figure 3 is the densification rate of different scanning speed of 0.5mm/s, l.Omm/s, and 2.0mm/s. Figure 4 
shows the results of different den sification rate of hatching di stance of 0.5mm, l.Omm, and 2.0 mm. The 
influence of den sification rate of scanning speed and hatching distance are equivalent. By increasing 
scanning speed or hatching distance, the particles receive less energy per unit area therefore the 
densification rate is slower. 
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Figure 3. Scanning speed and densification rate 
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Figure 4. Hatching distance and densification rate 
CONCLUSIONS 
A sintering model based on continuum theory and liquid phase sintering was developed. The 
model has demonstrated capability to predict the densification rate of selective laser sintering. The impact 
of particle size, laser power, scanning speed , and hatching distance can be derived from the model 
numerically . The modeling results are consistent with experimental results from literature. This model 
provides a convenient tool to be integrated into CAD/CAM package for SLS process optimization. 
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